In an earlier paper 1 it has already been stated that the anharmonicity constants of polyatomic molecules seem to be phase independent within the accuracy of measurement, where no vibrational resonance or Coriolis coupling occurs. This principle has been used in the present investigation as an objective criterion of correct asignment and for the identification of vibrational resonances in the spectrum.
For several applications, it is desirable to know the harmonic frequencies (co,) of the normal vibrations. In the past, these frequencies have only been calculated for very few molecules with more than three atoms. However, it seems possible to extend the determination to large molecules provided a sufficient number of combination levels can be observed. Here 163 vibrational levels have been identified, and from these 15 fundamentals (vj), 81 anharmonicity constants , and one vibrational resonance Table 1 . Assignments, negative anharmonicities and observed bands of 2-chloroacrylonitrile. Sym. is the symmetry species of the different levels in the C2V apJr^j proximation. Al and Bt are in the in-plane vibrations, actually A', and A2 and B, are the out-of-plane (A") vibrations. Anharm. ist the negative anharmonicity, o defined on p. 1509. For difference bands the deviation between the calculated (upper level -fundamental) and observed position is given in brackets. Err. indi-® cates the probable error of measurement. R -v is the frequency distance between the maximum of the 11 branch and the band center; R -P and v -P are defined analogously. Inten. gives the maximum absorbance of liquid bands, between 10 000 and 4700 cm" 1 for a 10 mm and below 4700 cm -1 for a 250 fx layer. Av 1/2 is the halfwidth of bands in the liquid phase. Other abbreviations are: ass. = assumed, min = minimum, unsymm. = unsymmetrical, br = broad, impur. = impurity, and doub. = double. Levels assigned to H2C2 37 C1CN are marked with an asterisk, e. g. 2* 7*. sity of the absorption. The recording temperatures were: 45 ±5° (gas, P.-E.), 35 ±5° (gas and liq., B.), and 20 ±3 °C (liq., P.-E.). The purity of the samples used was better than 98% as tested on a 50 m, 0.25 mm^ capillary column coated with silicone rubber OV17; FID detector. To obtain a high accuracy in the frequency determinations the following method was used: In the case of liquid bands or R, Q, and P brandies in the gas phase, the curve of band centers was extrapolated through the absorption curve to give the point of maximum absorption and the band frequency. For B bands a corresponding method was used in determining the frequency of the central minimum. The probable errors given in Table 1 refer to the accuracy of this determination and do not include the systematic error that the band origin does not coincide with e. g. the maximum of a Q branch. As far as it could be checked, the systematic frequency errors seem to be of the same order of magnitude as the experimental ones. This seems to be reasonable because most Q-branches of 2-chloroacrylonitrile have half widths less than 0.5 cm -1 .
Fundamentals
vn was not assigned with confidence by LK 2 because of the rather high polarization ratio of the Raman line at 185 cm -1 and the lack of an infrared gas phase contour. Figure 2 confirms that the intense band near 175 cm -1 is of B type. Its gasliquid shift is strongly negative as presumed by LK, and this behaviour corroborates their assignment of v9 + vn . The Fermi resonance between this band and v8 has already been treated in The missing C:C torsion v13 is expected near v9 + vn , and an attempt was made to detect this fundamental by utilizing the frequency lowering of v9 + vn upon dilution of the liquid with cyclohexane. However, no additional bands were detected between 750 and 670 cm -1 in solutions of decreasing 2-chloroacrylonitrile concentration, meaning that v13 must either be very weak in the infrared spectrum or lie outside this range, because its frequency shift between liquid and solution should be very small 5 .
There is a close analogy between the spectra of 1,1-dihalogenethylenes 5 and that of 2-chloroacrylonitrile, apart from some vibrational resonances and the vibrations of the -CN group. Prominent combination bands, containing v13 are thus expected to be (H2C2C1CN notation): vt + v2 + v13 , v1 + 2 v13 (Fermi resonance with + v5), v1 + v13 , v4 + 2 v13 , 5 F. WINTHER, Dissertation, Köln 1969. v i -r t3 5 r i2 + r i3 » 2 V\3 (Fermi resonance with v5), and v13 -f vu (Fermi resonance with v6). To determine the frequency of v13 from these combinations, the best point of attack seems to be vt -v13 . r13 may be calculated exactly from this band, which should be of C type and occur at 3136-(«700)^2436 cm -1 , assuming an approximate C:C torsion frequency of 700 cm -1 . Indeed, the only C band within ±40 cm -1 of 2436 cm-1 is found at 2430.8 cm" 1 , yielding v13 = 705.1 cm -1 (see Fig. 7 ).
A careful examination of the gas phase infrared spectrum (Fig. 3) revealed a small Q branch at 705.4 cm -1 , probably belonging to vls , but it has not been possible to obtain any reliable frequency for the liquid phase. v9 + vn is found at 710 cm -1 in the Raman spectrum 2 but at 707 cm -1 in the infrared spectrum of the liquid. This difference indicates that some intensity of the Raman line may be due to v13 , and an approximate liquid frequency of 711 cm" 1 has been adopted for r13 in this work. It seems promising to investigate the Raman spectrum of a hydrocarbon solution of 2-chloroacrylonitrile, where the solvent shifts should facilitate the separation of v13 and v9 -f vn .
Several difference bands have been identified in the infrared spectrum, and in principle it would have been possible to correct the fndamental frequencies slightly by means of these bands. Because most corrections are of the same magnitude as the experimental errors, such corrections have just been made for the liquid frequencies of vn and v15. LK give a Raman frequency of 280 cm -1 for v15, whereas the infrared spectrum of the liquid yields 276.3 cm -1 . From v13-v15 = 433.3 cm -1 and the adopted frequency v13 = 711.0 cm -1 is found v15 = 277.7 cm -1 . These (inconsistent) values are combined to give vx =277.5 cm -1 as probable value. Similarly, vn is corrected to 184.5 cm -1 from the Raman measurement 2 , -vn, and vg -vn .
The frequency of v10 is ill defined in the gas phase because of two equally weak Q branches and in the liquid because the Raman and the infrared frequencies differ 3 cm -1 . However, it has not been possible to oorrect from difference band measurements. The reason for the discrepancies in the liquid phase frequencies is not certainly known, but it may be different hot band patterns of infrared and Raman bands or the lacking correction of the infrared band shapes for changes in the refractive index across the band. In the case of r10 part of the frequency difference may be due to the two isotopic species present, because the spectral slit widths of the infrared and the Raman spectrometer were different.
Four fundamentals v-, v8 , vg, and v10 are expected to show splittings > 1 cm -1 due to the natural abundance of 25% H2C2 37 C1(CN) in 2-chloroacrylonitrile 5 ' 6 . The detection is complicated by numerous hot bands near the fundamental frequencies and near many combinations. For v9 an isotopic splitting of 3.3 cm -1 may be deduced from v8 (3.2 ± 0.3 cm -1 ), v8 + vu (3.610.8 cm" 1 ), 2 v8 (6.5 ± 0.4 cm -1 ), v3 +v8 (4.5 ±1 cm -1 ) and vx + v8 (3.3 +lcm -1 ). Each of the assignments v8( 37 C1) and 2v8( 37 C1) is confirmed by one hot transition having the same frequency distance from the main Q branch as analogous difference bands from r8( 35 Cl) and 2v8( 35 C1). This equivalence is anticipated because the anharmonicity constants of the two isotopic species will be very nearly identical. v7 and two of its combination bands, + v7
and v2 + v7, have secondary Q branches 1.5 + 0.2, 1.4 ±0.5, and 1.8 ±0.8 cm -1 lower than Q4. Thus an isotope shift of 1.5 cm -1 may be adopted for v7 , but it bases upon rather limited evidence. No confirmed splittings could be obtained for vg and v10, mainly because of the weakness in the gas phase of useful combination bands of A or C type. The suggestion of LK 2 that v6 , vx2 , and v14 might show isotopic splitting at a resolution of «0,5 cm -1 is not realistic, since a maximum separation of «0.2 cm -1 is expected for these bands 6 .
The low intensity of v1 and v2 in the gas phase spectrum, equalling that of their first overtones should be noticed. In the liquid vx and v2 have almost the same intensity as r5 and v3 , respectively. Similarly, va(CH2) (here vx) of the 1,1-dihalogenethylenes 5 is too weak even to be detected in the gas phase. (Compare 4, p. 1511.) The intensity and halfwidth determinations of v2 and v4 + 2 v13 in the liquid spectrum were made on bands, graphically separated under the assumption that both absorptions are symmetrical and not overlapped by further bands.
Vibrational Resonances
Several vibrational resonances are found in the spectrum of 2-chloroacrylonitrile. They are general-1509 ly characterized by gas and liquid phase anharmonicities (xg, X]) differing more than expected from the accuracy of measurement, or a combination band of unusually high intensity (e. g. v4 + 2 v13) 6200 ' 6000 cm" 1 for a non-degenerate combination level, where n is the number of fundamentals, x^ the anharmonicity constants, and v the vibrational quantum numbers.
One prominent resonance, r8 r9 + v10 has already been dealt with in a previous paper. Due to the slightly different vu\ frequency used here, the unperturbed levels for the gas phase (hange to the following frequencies (mean values of the gas-liquid and gas-solution calculation) : v9 + vn = 682.6, v8 = 666.5, 2x911=-6.7, j W S 9 _ n J = 12.1 cm -1 .
It seems likely that v8 + vi0 and v9 + v19 + vn (see Table 1 ) are perturbed by the same resonance, but the assignment of these bands is uncertain due to complicated gas phase contours. The frequencies of other combinations + v8 may be displaced by analogous resonances, but no components of the type v \ + + v u have been detected.
i'e seems to be influenced by some vibrational resonance or Coriolis coupling, particularly because v i + r 6 an d v 2 + v 6 show phase dependent anharmonicities and heavily distorted bands shapes in the gas phase, where also the R branch of the fundamental is irregular (Figs. 9 and 5 ). The most probable interacting frequency is v8 + vg , but also 2 vu or v12 + v15 are possible. In the Cov approximation these combinations belong to the species, whereas vG is of bx symmetry, but strictly speaking, all transitions are of A' (a') type. This means that both interactions are possible. The frequency shift of v6 seems to be less than 5 cm -1 and has not been corrected for.
A strong Fermi resonance is found between v5 and 2 v13 , probably also including v12 + vu . Since the exact frequency of v13 in the liquid is unknown, it has not been possible to correct v5 for the influence of this resonance. If it is assumed that W 5.12.14 w12. 13-13.14 0 a calculation by means of the method given in 1 can be made. Curves of the same shape as those of If resonances with v12 + vu are assumed, the picture given as Fig. 1 emerges. For 713.5 cm -1 no solutions exist, and this makes any further discussion somewhat hypothetical. The anharmonicity of ^i2 + v i4 i s known from several 1,1-dihalogenethylenes to be numerically small 5 . This means that the right side of Fig. 1 should contain Table  2 show that solutions exist for v131 ^ 714 cm -1 , but as outlined above such frequencies cannot be accepted.
Further vibrational resonances are found in the region of 2v(CH) and 3v(CH). However, the phase shifts of the anharmonicities are too small to make any calculation appropriate. Moreover, it is not certain that all participating bands are resolved. The most clear cut example is the resonance between 2vx and v2 + 2r4, which is also found regularly in the spectra of the 1,1-dihalogenethylenes 5 . Table 1 gives all observed frequencies together with other data relevant to the assignment. Apart from the main principle of phase independent anharmonicities, a number of other conditions have been imposed upon the assignment of the combina-0000 8000 6000 4000 cm- A =1 -3 cm" 1 .
Combination Bands
400cm-1 tion bands. These conditions are given below. Some are widely used in the literature but usually without being stated explicitly.
1. The anharmonicities and, to a lesser extent, the intensities of analogous combination bands of closely related substances are equal (Compare 7 ). -Especially the assignment of ternary combinations above 4500 cm -1 was facilitated by comparison with the spectrum of 1,1-dichloroethylene 5 ' 8 . The assignment for this substance could be supported by band shape determinations in the gas phase spectrum thanks to its larger vapour pressure. shows the degree of agreement obtained. The anharmonicities given are from some bands of high intensity, they have not been selected to give unusually good agreement. No resonance corrections have been applied, and the frequency numbering is that of 2-chloroacrylonitrile.
2. The band shapes in the gas phase spectrum of a slightly asymmetrical molecule agree closely with those of a corresponding symmetrical molecule (in itself being an asymmetric top). Symmetry species of and selection rules for combination bands may be calculated as if the molecular symmetry were higher than it actually is. -The 2-chloroacrylonitrile molecule has been treated here as belonging to the Csv symmetry group. LK 2 have also mentioned this point.
3. The assignment of the combination bands of one member of a homologous series of compounds (not including atoms from the first row of the periodic table) must fit through the whole series. -This condition has only been applied indirectly by using it to check the assignment of 1,1-dichloroethylene connected to the 2-chloroacrylonitrile spectrum by principle 1.
4. The relative band intensities in the gas and liquid phase are of equal order of magnitude. Notable exceptions to this rule are known among fundamen- Table 3 . Comparison of anharmonicity constants from different levels. 2:2.5, X2.14, 2-4.13, 2:5.12, 3:5.13, 2:5.14, 2:7.14, and 2:11.13
were also calculated from ternary combination bands. Zl.14 -3 ±3 0.0 ± 1 1.13.14 -0.7 ±0.5 1.14.14 -1 ± 2 1.12.14 Z2 tals, e. g. ra(CH2) in methylene and vinylidene chloride, so that it should not be applied uncritically.
5. The vapour-liquid shift of a band is generally small («0.5%) and positive. -Exceptions such as vxl of 2-chloroacrylonitrile having a 5% negative frequency shift may be found, however. For statistical reasons such exceptions become infrequent in combination bands of higher order.
6. In special cases, the half widths of bands in the spectrum of the liquid may provide additional evidence for some assignment. -Examples of general character are v12 and 2vl2 [H2C:CC1(CN) numbering] 9 . Similarly, bands of the 2v13 series show unusually large half widths of 27 cm -1 (2v13), 23.5 cm -1 (v4 + 2v13) , and 23 cm -1 (v1 + 2v1,).
7. The frequency combination of lowest possible order fullfilling all criteria was accepted as correct assignment. To this purpose all binary and ternary combinations were calculated and compared with the measured bands. Where a Fermi resonance between a fundamental and some combination frequency was known or suspected, ternary and quaternary bands were also calculated using the resonance partner as a pseudo-fundamental. 
Discussion
The reasons for the assignments of Table 1 -f vn was not observed in the infrared liquid phase spectrum because of its weakness and serious overlapping from vu + vi5 and v7 , but it was found in a Raman spectrum, obtained through the courtesy of Coderg, Paris. Incidentally, this spectrum confirms the one of LK apart from a few additional very weak bands, which have not been listed in Table 1 .
Numerous secondary Q branches in the gas phase could be assigned to hot bands of the type upon the difference [Vi + Vj] -[Vi + Vj-vf\, which must be Vj within the accuracy of measurement. The intensity of v-t + Vj -Vj should be proportional to exp{-Vj) at constant temperature, but this relation is not quite reliable, probably because of vibrational resonance between vt + Vj -Vj and vt. These bands often have a frequency difference close to zero. However, an upper limit of «1200 cm -1 for Vj may be adopted for all types of difference bands at 45 °C. = [v. + v. _ v.] _v.
( = 2Xij).
Even more uncertain, but eventually useful for approximate determination of harmonic frequencies, is the assumption that all bands within «10 cm -1 of a fundamental vt are of the type v-t + Vj -Vj. From these levels Xij with unknown j may be deduced. This approximation becomes worse, the more low frequent fundamentals a compound has, because bands of the type vt + Vj + vk-(v} + vk) will also occur.
Anharmonicity Constants and Harmonic Frequencies
For the calculation of the 120 anharmonicity constants Xij of 2-chloroacrylonitrile the following method was adopted: First the weighted mean of the gas and liquid anharmonicities of all observed binary combinations was determined. Where only one phase had been measured, the probable error was approximately doubled. The results were used to calculate further anharmonicity constants from the ternary combination bands. The Xjj values from these are less certain because also systematic errors of the fundamental frequencies are added in the calculation, but Table 3 shows that in most cases a satisfactory accordance is obtained between the constants determined from different levels.
Some systematic errors due to vibrational resonances may remain for constants involving the fundamentals v2 , v5 , or v8 . Generally however, a resonance will be repeated for levels of the form vk + Zvi (k = 2, 5, or 8). This means that approximately equal resonance shifts of vk and vk + 2v-t are compensating each other, so that the directly calculated anharmonicity of a vk + 2v{ level will be almost correct in spite of the perturbation of the individual levels. This consideration is of course not valid for complex resonances such as v.+ 2v 13 + A total of 81 anharmonicity constants have been summarized in Table 4 . The missing anharmonicity constants were obtained as averages of the known x^ values within three groups of constants: 1. Those of the a ® a combinations, excluding , x1-2, and x2.2-2. Those of the a (x) a" and 3. those of the a" ® a" combinations. Averages of -2.09, -2.60, and -0.24 cm -1 were found and substituted for unknown anharmonicity constants within the respective groups. The harmonic frequencies given in Table 5 were now calculated from the expression CO; = V; 2xjt 2 j + i It is rather difficult to estimate the accuracy of the harmonic frequencies, particularly because of the uncertainty involved through the unknown anharmonicity constants. The frequencies may roughly be Table 5 . Approximate harmonic frequencies (gas phase) for 2-chloroacrylonitrile.
(Vi a)2 should be corrected by 0 to -10 cm -1 and o)5 by +10 to + 25 cm -1 because of vibrational resonance. Corrected for Fermi resonance.
